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DETERMINATION OF LATERAL STABILITY CHARACTERISTICS FROM
FREE-FLIGHT MODEL TESTS, WITH EXPERIMENTAL RESULTS
ON THE EFFECTS OF WING VERTICAL POSITION
AND DIHEDRAL AT TRANSONIC SPEEDS!

By Cranrexce L. Gions, Jesse L. Mrrensnn,

and CHARLES

SUMMARY

A method of testing and data analysis is presented
for investigating the lateral stability characteristies
of airplane models in free flight. The time-cector
method of solution of the oseillatory lateral motion
proved to be a useful method of determining aero-
dynamic derivatives,  The method is illustrated by
crperimental results at transonic speeds for three
stwe pt=wing airplane models differing only in rvertical
posttion and dikedral of the wing, and the major
eflects of these geometric rariations were determined.
Mo are ecrperimental  results  from
unsice pt=wing airplane maodel to illustrate the use-

shown one
fulness of direct measurements of forces and moments
i establishing the linearity of the results. An inter-
pretation. of the erperimental results in terms of
Hyinyg qualities for a full-scale airplane is ineluded.
INTRODUCTION

Attaimment of aieplane flight speeds in the
supersonie realm has focused attention on the
stability problems associated with flight at high
speeds and high altitudes.  The types of lateral
motions  encountered and  the importance of
certain of the stability derivatives and inertia
relations in defining the motions of the airplane
have been examined.,  (See refs. 1 to 5, for ex-
ample.)  Wind-tunnel techniques are available
for measuring the static lateral stability deriva-
tives as well as the rotary lateral stability deriva-
tives (ref. 6). Development of analysis methods
and test techniques has been under way for the
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purpose of determining airplane lateral stability
characteristies, ineluding both statie and rotary
derivatives, from free-flight tests.  Reference 7
gives the fundamentals of a method, the time-
vecetor method, that has proved useful in lateral
stability analvses,

The purpose of the present report is to deseribe
the time-vector method of analysis as applied (o
the oscillatory lateral motions of free-flight air-
plane models and to present illustrative experi-
mental data as an aid in evaluating the test tech-
nique.  Three rocket-propelled models of a 45°
swepl-wing airplane  configuration were flown
and covered a Mach number range {rom 0.7 to
1.3. The three models dilfered in wing position
and dihedral. One model had a high wing with no
dihedral, one had a low wing with no dihedral,
and one had a high wing with 10° negative
dihedral.  The geometrie variations utilized in
the program provided appreciable variations in
frequency and very large variations in roll-to-
Some evaluation of the
effects the
accuracy of the test technique was possible.

vaw amplitude ratios,

of these factors on uscfulness and

In addition, data are presented for an unswept-
wing configuration at transonic speeds to illustrate

the value of direet measurements of forces and
moments in establishing the hnearity of the

results.
The models were flight tested at the NASA
Wallops Station.

1 Rupersedes declassified NACA Research Memorandum LAGEIT by Clarence L, Gillis and Rowe Chapman, Jr,, 1956,
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SYMBOLS

longitudinal aceelerometer reading,
positive in the positive z-direc-
tion, g units

normal  aceelerometer  reading,
positive in the negative z-direce-
tion, ¢ units

transverse accelerometer reading,
positive in the positive y-diree-
tion, ¢ units

damping factor of oscillatory mo-
tion, see™!

damping factor of aperiodie mo-
tion, sec¢™?

wing span,
W

/ 7S

Lilt coefficient, 'y cos a— ' sin o«

rolling-moment cocflicient,

Rolling moment

o (1/‘5*1) V

chord-foree coeflicient, —a

- 5N
normal-force coetlicient, a,, - =
P S
vawing-moment coefficient,
Yawing moment
¢Sh W
S
number of cveles required  for
oscillation  to  damp to  half
amplitude
local chord, ft
mean acrodynamie chord, ft
gravitational acceleration, 32.2 It/
sec?
altitude, It
moment of nertia about X-axis,
slug-ft?

luteral-foree coeflicient, a,

moment of inertia about }-axis,
slug-ft2

moment of inertin about Z-axis,
slug-f1?

product of inertia, ;]5(12——]_\') tan 2e,
slug-11* =

span-load distribution factor, sq ft
(see appendix)

adius of gyvration about X-axis, {t

radius of gyration about Z-axis, {t

concentrated load, Ih  (sce ap-
pendix)

A4
My, My M,

i
1IN

A4
Y
”

77:“'/2

Oy

Subscripts:
A
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longitudinal distance hetween two
transverse aceelerometers, [t

Mach number

rolling, pitehing, and vawing mo-
ments about  X-, Y-, and
Z-axes, respectively

mass, slugs

rolling moment on a section of the
wing, ft-1b (sce appendix)

period of lateral oscillation, sec

rolling veloeity, radians/see

pitching velocity, radians/see

dynamic pressure, Ibh/sq ft

Revnolds number based on wing
mean acrodynamic chord

vawing veloeity, radians/sec

wing area, sq fi

time, se¢

time required for lateral oseillation
to damp to half amplitude, see

veloeity, ft/sec

equivalent lateral velocity, ft/see

weight of model, 1h

coordinate axes

spanwise station, ft

spanwise station at which coneen-
trated load is applied, ft

angle of attack, radians or deg

angle of sideslip, radians or deg

initial value of angle of sideslip,
radians or deg

dihedral angle, deg, or span-load
parameter (sce appendix)

principal-axis melination, positive
as shown in figure 1

pitch angle or angle of twist (see
appendix}, radians

relative mass density, mi/pSbh

atmospherie density, slugs/cu ft

roll angle, radians

yaw angle, radians

phase angle by which ('} leads 8

phase angle by which p leads 8

phase angle by which » leads 3

oscillation frequency, radians/scc

undamped natural frequency, ra-
dians/sec

full-seale atrplane
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Projection of B, ,-Projection of
X >\ relative wind

Horizontal . ——

|
Projection of /
relctive wind-
Y
Horizontal -~ ®
Rear view
Fravre 1. —Nyvstem of body axex,
¢ elastic
i horizontal tail
r rigid
t trim value
» vertical tail
w wing
wf wing-fuselage

A single dot over a symbol indieates the deriva-
tive of the quantity with respeet to time; a double
dot represents the second derivative with respect
to time.

Amplitude ratios of the oscillatory components

11)

, L
|

of the motion are designated as »and so

forth.
The statie stability derivatives are indieated in
oy ., Oy

the following manner: (' = o8 ("'”:753 ,

and

so forth; whereas, the rotary and acceleration

' ¥
0, o

derivatives are mdieated as: €', =" 7y (7. =—"1
r rh 5 _3b

D‘)‘v o el

and so forth. 2 2V

MODELS AND TESTS
MODELS

Sketehes showing the dimensions of the swept-
wing models are presented in figure 2. Additional

AAir-flow-direction
indicator

Yow vanes extended,
k ; 58.54

-~ 6950 ]
(a)
Model | (high-wing)
_ I T & i o
Model 2 ( low-wing)
(b)

Model 3

(high—wing with negative dihedral}

{2) Plan and side view of model 1 (high-wing model).
(b) Front views of models.
Swept-wing models. Al dimensions are in
inches.

Froure 2.



4 TECHNICAL REPORT R—65 -NATIONAL
geometric characteristies of the models are given
in table I and the mass and inertia characteristics
are given in table IT.

The three swept-wing models had geometrically
identical surfaces and fusclages and differed only
in the vertical position and dihedral of the wing,
The wing weight was counterbalanced so that the
model center of gravity was on the geometric
center line for all models. The wings were of
composite wood and metal construction. Vertical-
and horizontal-tail surfuces were machined from
solid duralumin. The horizontal-tail surface was
set ut an incidence angle of —1/2° with the fuselage
center line for all models.  The fuselage was a
parabolic body of revolution with  maximum

TABLE T.

AERONAUTICS AND

GEONETRIC

SPACE ADMINISTRATION

diameter at 40 percent of the length. Housed
in the spun-metal nose of the model was an
electrically actuated vaw vane disturber.  Photo-
graphs of the models are shown in figure 3.

In order to minimize the amount of piteh-yvaw
coupling encountered in the tests, the center of
grav:ty of each model was placed very far forward
(see table T in an attempt to keep the piteh
frequency always higher than twice the yaw
frequeney and thus avoid a resonant condition
(ref. 8). For identification in this report, the
high-wing model is designated model 1; the low-
wing model, model 2 and the high-wing model
with negative dihedral, model 3.

The unswept-wing model, designated model 4,

CHARACTERISTICN

Dwept-wing Unswept-wing

models ‘ model
e I - : -
Wing: |
Area (extended to model center lined, '
st L - 441 4. 25
Aspeet ratio __ .. . 4.0 3.1
Airfoil =eetion - - NACA 65A004 4. d-percent-thick
hexagonal
Tt T T T i
Horizontal tail: | ‘
Area {extended to model center lines, ‘
=q f1 e 0. 88 1. 10
Aspect ratio. . ______ 4.0 433
Atrfoil =ecetion . . ceieocoooo  NACAGBA004 A O-pereent-thick ‘
1 hexagonal |
Vertieal tail:
Area (see figs. 2and s ft 0 L 0. 89 0. 60
Aspeet ratio .. 1. 59 1. 30
Airfoil scetion_ ____ . - . NACA 63004 4. 3-percent-thick
hexanponal

Weight, Ih_____ i
Center-of-gravity position. percent @
Moments of inertia:
Piteh, =lug-ft?
Yoaw, <lug-ft2__ _____________ ___
Roll, slug-ftz . . i
Inelination of prineipal axis, deg |
Product of inertia

TABLE 11, MASS AND INERTIA CHARACTERINTICN

| Model 1

10

N

B

TUn=swept-

Swep t-wing models wing mocel

Model 2 Model 3 Model 1
i i
3.0 Lo (e 7 1540
0 308 0.6 .0
47 5. 88 5. 90 ) o
. 81 (T S 6. 38 18.20
. 61 0. 66 0. 64 s
15 0.75 1. 60 180
20 0. 07 0. 16 114 i
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Mode! |

Mode! 2

Model 3
(a) Three-quarter front views,

Fravrre 3. Photographs of the swept-wing models,

thy NModel 3 with yvaw vianes extended.

Frovre 3. Coneluded.

was representative of a supersonic research air-

plane configuration (ref. 9). A sketeh of the

0.16-scale model i= shown in figure 4 and a photo-
ready for launching is

The model was of metal
exception  of some fiber

graph of the model
shown in figure 5.

construction with the

- 107.4 — =" Tail used in
o 73— o ' tests of
. reference
- 683 ————— Phoer
e 15054 ~ i
: 644 ——— FR091 5,
e N i
. - - . \ 1 G
‘Air-flow-direction indicator ‘ | 6.40- X
‘ | -
; ! 35
! 1480 ~-86
203~

-Pulse rockets
— 2175+

T

- -95.2
4 1
Principal axis’
"Total-pressure tube '*—26.4——-‘

|

120.3

g
436

Unswept-wing model (model 4,
stons are in inehes,

Frovre 4, All dinmen-

B 528501

Fiovre 5. Model and booster ready for launching.
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agluss fairing on the tail boom. The body was
made of magnesium castings and duralumin sheet,
and the wing and tal surfaces were solid dural-
umin.  Additional geometrie characteristies are
viven in table 1 und the mass and inertia character-
isties are contained in table T1. The setting of
the horizontal tail was —1.0°.  All surfaces had
a modified hexagonal airfoil section.  The inlets
were connected to constant-diameter duets de-
signed for choked flow at the exits with a mass-
Hlow ratio of about 0.8, In order to provide for
disturbances in flight, this model was cquipped
with 6 pulse rockets located in the nose of the
model, cach rocket having a total unpulse of
6t pound-seconds and a burning time of 0.08 second.
INSTRUMENTATION

Lach model contained an cight-channel NASA
telemeter.  The quantities recorded continuously
were total pressure; angle of sideslip; rolling
velocity; normal, longitwdinal, and transverse
accelerations near the eenter of gravity; transverse
acceleration at the nose; vaw-vane-disturber de-
tlection (model 1 only); and angle of attack
(models 2, 3, and 4 only).

Ground-based instrumentation included a CW
Doppler radar unit for measuring model velocity
ad acceleration, an NASA modified SCR-584
radar unit for obtaining the model position in
space as u function of time, and a spinsonde
recelver operating on the telemeter-antenna radia-
tion patiern as an additional measure of the model
rolling veloeity.,  Atmospherie conditions and
wind veloeities over the firing range were obtained
from rawinsondes released immediately after the
model flights.  Manually operated 16-millimeter
and 35-milhimeter tracking cameras were used to
photograph the model flights.

PREFLIGHT MEASUREMENTS

The NIfting surfaces for the swept-wing models
were very flexible.  In order to obtain stiffness
data, one wing and the vertical tail of one model
were subjected to concentrated static loads at
four points along both the 0.25- and 0.50-chord
Iines, and the deflections along the leading and
trailing edges were measured.  The results of
the static loading tests are presented as influence
coefficients in figure 6. The moments of inertia
of all models were determined by swinging the
models as pendulums and measuring the frequencey
of the oscillations. The principal lTongitudinal

AERONAUTICS AND SPACE ADMINISTRATION

-2,400 x 10® —————— T
|- . . Yy - - : . A
-2,000 ’_Loadmg station, /2 Loading station, Y Y3 j
- o 0976 4 F o 0985 <
-1600F O 738 o .755 4
” L 0 50 4 | o 545 §
6 - -1,200} a .280 & 335
B Bl <
¢ -8 a
"’I“ 00 50¢ -
-400|4-1 loading
- d o
0 B ol Bl s (&
400 : - 4
o "800 o
Sla _ 25¢ Sl |®
3 400 [ Tloading ) o
- |
@[~ 0 I"_g
(0) 1 I - ] ’(b)
4m S T 1 I J
0O 2 4 6 8 100 2 4 6 8 10
J ¥
572 1773
(a) Wing. (b} Vertieal tail.

Fiaurre 6.—Neasured influence coeflicients for wing and
vertieal tail used on swept-wing models,

axis was determined by swinging the models in
roll about a number of longitudinal axes inclined
at va-ious angles in the plane of symmetry and
noting the angle for which the moment of inertia
m rol was a minimum.
FLIGHT TESTS

Each model was accelerated to a maximum
Mach number between 1.2 and 1.5 by a solid-
propellant ABL Deacon rocket motor, which sep-
arated from the model after burnout as a result
of th» relative drag-to-weight ratios.  Figure 5
shows model 4 and booster on the launcher. The
mode s contuined no sustainer rockets.  The yaw
disturbers on models 1 to 3 (fig. 3(h)) remained
retracted during boosted flight and their operation
was started at separation.  The yvaw vanes were
progrumed to extend fully in a time of 0.33 second
and retract ina time of approximately 0.05 second,
the exele being repeated every 1.4 seeonds. Sinee
the vi w vanes were set at a fixed angle of 10° with
respect to the model eenter line, the model assumed
a negtive sideslip angle with the vanes extended.
Upon the rapid retraction of the vanes, the model
oscill: ted about the undisturbed trim conditions.
The pulse rockets in model 4 were fired periodically
durinz coasting flight by means of delay squibs.
The test conditions prevailing for the flights are

ol

presented nfigure 7 as a funetion of Mach number.



DETERMINATION OF LATERAL STABILITY FROM FREE-FLIGHT MODEL TESTS

4000 —-1- e SRR e
i
v
3,000+ Model vy
2_QO Z
- ;
£ 2,000 o/
=z .4
A
000 P24 A
, 1= —O—' T
' /;/// |
3 B} N
(a)
0
16 x 108 —
g
z 5 ~ T - ,/
12—t TN /O\’ Z7<
__L, . \Y/ 4"7/ :
—O— A4 |
. ~ ,
@ gl —+- .._,,,/)"/ / ;
A T Q-
o ,//’f,:i o
L t
NP~ <y ==
(b)
%6 .8 1.0 1.2 1.4 16

M
(1) Dynamic pressure.
(b Reynolds number based on mean aerodynamice chord,
Fravre 7.—Test conditions,
DATA REDUCTION AND CORRECTIONS
Position corrections were required for some of
the nceelerometer readings to convert the measured
values at the instrument location to values at the
center of gravity. Corrections for model pitehing
and yawing velocities were also made to the read-
ings of the air-flow indicators to obtain angles of
attack and angles of sideslip.  These corrections
were made as deseribed in veference 100 In the
process of data analysis, all the nieasured lat-
eral-oscillation data were referenced to 3. The
frequency-response characteristics of all the instru-
ments were sufficiently close to those of the side-
slip vanes so that the only corrections required
were to the phase angles of the rolling veloeity.
These corrections varied between approximately
1° and 5° for the tests herein. The readings from
the two transverse accelerometers in each model
were used to obtain vawing velocity from the
relation
,-‘:!/(,‘Lum:«liw? ()

543500 -60- —2

~1

METHOD OF ANALYSIS
TIME-VECTOR SOLUTION FOR OSCILLATORY MOTION
The flight-test oseillation data presented herein
were analyzed by the time-veetor method for solu-
tion ol the lateral stability cquations of motion
(ref. 7). All the measured quantities used in the
analysis and the resulting acrodynamic derivatives
are referred to the system of body axes illustrated
in figure 1. The three equations of motion used
to represent the free-oscillation response of the
models in the lateral mode following w disturbance
ave:
mV

7S (B r—ap)—(y=0 (2)

I Iy—1,

y o Ay—dy [\’z_ N
2P TS U s )

. N N :
—( 1,35_(‘11, :’g')l‘v_((‘l —( 1;) é“,v:“ (4}
]XZ_ .
' Sh (p—qr)
. . pb y N
'—(ndﬁ_ ( ny, 27‘7'_(( ny (n;,) i)—t_‘-“ (4)

Tn the side-force equation (eq. (2)) the gravity
terms T}S (¢ cos 8 + ¢ sin 8) have been omitted.
As shown in the section entitled “Aecuracy,” this
omission has w negligible effect on the results
presented herein and eliminates the necessity of
measuring or computing the roll, pitch, and yaw
angles.  Also in equation (2) the total acrody-
namic side foree is given by €'y (which includes the
contributions of 'y, (“Y‘-], (",-p, and ('y)) beeause

this quantity is obtained from the transverse

acceleronmeter by the relation €y =xq, 7S
)

In equations (3) and (4), the assumption hax
been made that = —r in order that the vawing-
and  sideslipping-velocity  derivatives  may  be
combined to reduce the number of unknown aero-
dynamic terms.  As shown by the veetor diagrams
to be presented later this is a very good approxi-
mation for the tests discussed herein.
(2) to (4) contain nonlinear inertia terms propor-
tional to o and ¢. Since a and g are required to
be constant in a linear three-degree-of-freedom

Equations

method of solution, they are assumed constant in
the following development.

The fundamental relationships between  the
various veetors and their derivatives may  be
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illustrated by considering the solution of equations
(2) to (4) for the oscillatory mode of motion re-
sulting fromt a disturbance.  Such a solution may

be written in the form

B— Bue™ cos wt (5)
) ‘( ayt ’ )
( .,,i 15(4'1 u»s(wf*(.l,v J ()
i[)? (Y 7
]l'*-iﬁ Boe™' cos(wt+2,) )
[P
-
= éjﬁ"p"" cos(wt+2,) ®)

Differentiation of equation (5) gives

By arBu cos(f +tan? b )
N 1
Also
fan-! 2900 an 1 & (10)
a€,
and
vt ay =w, ()

Thus, the veetor representing the derivative of g8
has a magnitude equal to the magnitude of g mul-
tiplied by the undamped natural eireular frequency
ol the motion and a phase angle which leads 8 by

a a . .
90°+ tan~! = where tan™' “tis referred to as the
w w

damping angle.  For damped oscillatory motions
the damping angle will be positive and for diver-
gent oscillatory motions the dampiug angle will
be negative.  Successive differentiations or inte-
grations of any of the components of motion \1(1([
the same relationship between veetors and their
derivatives.  Thus, if any component of motion
is measured or otherwise determined in both mag-
nitude and phase angle, the vectors representing
any time derivatives of the same component of
motion are known as well.

Equations (2) to (4) may then be rewritten in
the following form which represents the time-
vector method for analysis of the flight data:

ml’ }3‘ nﬂ 1 _ml o (
my e my g —0 (12
¢ SiE Ty ¢'S Y8~ ‘ (12)
U b=l 0L D
gSh g ¢’ Sbh (116‘ g’ S‘b‘ﬁ quB
. b : , r A
—C = 1 {3‘—(( = C) 5y ‘r (13)

‘NATIONAT, AFRONATUTICS AND SPACE ADMINISTRATION

1/ ", ]\'—_{1 Y 7{\/ I)1 ”71)777 Y
q ) 3 ¢’ Sh Q’B q SI)\B;—*_Q S"b 9/ 51 —C ng
, b 7) :
—( "y .)‘ (( we n‘g) 1==0 (]4)

The amphtude mti()s and phase :mglvs required
in the solutions are obtained from the time
histor-es of the flight test. Time histories of two
typic: 1 oscillations for cach of the three swept-
wing models flown in the experimental program
are shown i figures 8, 9, and 10, For convenience
m illustrating the important features of the
motion, the mean values of rolling velocity have
been subtrncto(l from the data and only the
disturbances superimposed on these mean values
are shown n figures 8 to 10, The essentially
steady -state or mean values of rolling veloeity
were aused by oslight amounts of twist in the
model wings. From these data the amplitude and
phase relations of 8, Oy, and p can be determined
for us in the analysis.

Typical vector diagrams are shown in figure 11
for the high-wing model (model 1) and the low-
wing model (model 2) for a Mach number of 1.2
The solution is started with the side-foree equa-
tion. .\ unit vector 8 is chosen as shown in figure
11 1o establish the s‘('nl«\ of the veetor diagram.

m V‘B mV ip

7S 5%
plottedd and added vectorially with the proper
signs end phase angles by using the values deter-
mined from the flight test. The diagran is then
mVir]

. 7' SI|

Sinee ¥ or 7 was also measured

are then

The vectors

closed and the vector representing is thus
deternined,

. . ‘r‘
during the flight tests, the veetor i—| could have

18!

as indieated previously.

‘.
. . i
been cetermined from 123

i
Instea 1, the value of ‘ Cas measured in the flight

test 1s used as a chee l\ on the value determined
from the veetor diagraims.
Wit + a knowledge of ‘/5! the solution can then
6!
procee Lto the rolling-moment and yawing-moment
diagra ns as shown figures 11(b) and 11(e).
The it ertia vectors are first plotted.  Data ob-
tained indicate that for the models of the pres-
ent investigation the lift coeflicients, and conse-
quently the pitehing veloeities, remained near zero.,
Thus, the rolling- and

vawing-moment  terms
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]

i

|

|

|

1 - *‘ R R + ' { ‘ -

! 1 (b} !
I L A R S S S A A
78 80 8.2 B4 13 133 135 13.7 13.9 14.1
/, sec 1, sec
(1) Supersonic oscillation., (b) Rubsonic oxeillation.
Frorre 8. Time history of model 1.

proportional to ¢ were negligible and do not appear rolling-moment and one of the yawing-moment
it the veetor dingrans of figure 11, Three veetors derivatives or to determine them by some other
representing the acrodynamie derivatives are then means in order that the other four may be deter-
required in each diagram but these are known only  mined. Tt is logical to estimate those derivatives
in direction, not magnitude, and thus not all of  that are expected to have the smallest effect. In
them may be determined from the veetor solution. references 9 and 11 and the present investigation,

Thus, it is necessary either to estimate one ol the the derivatives generally having the smallest effect
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(:0) Nupersonic oscillation,

Frovnre 9,

were (7, and (€7, —(, ¥, and estimated values of
these derivatives were used for models 1 and 4.
For models 2 and 3, however, a somewhat different
procedure was used.  For the high-wing model
(model 1), €, _(",-; wus estimated and then C,
and C;, were de teermined lrom the vector (h‘wlum\
1t can be seen (rom tigure 11(h) that (,—(, has
a relatively minor effeet on the motion of the
high-wing model. When the same procedure was
used for the low-wing model (model 2), very great
seatter in the values of “, occurred and some
improbably high and some improbably low values
resulted. 1t i= evident in figure 11(h) that

(', has a much greater effect on the motion
of the low-wing model. Comparisons of the two
configurations (both flown at an angle of attack

1, sec

(h) Subsonie¢ oxeillation.

-Time history o model 2

of ne: rly 0°) indicated that the contribution of the
wing-sody combination to i, should be the same
for the two models.  Estimations of the contribu-
tion ol the vertical tails to (, (ref. 12) showed
some lifferences between results for models 1 and 2
because of the difference in sidewash produced by
the rolling wings, but the entire contribution of the
vertical tail was less than 5 percent of that due
to the wing., Therefore, the values of (, for the
two configurations should be the same w ithin a few
percent. On the basis of this reasoning the values
of €, found for model 1 were assumed to apply for
model 2, and the veetor diagrams were completed
to de ermine () ' and (,

For model 3 the analysis was similar to that for
model 2 except that below a Mach number of
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Frovre 10-—Time history of model 3.

about
essentially zero, all the rolling terms disappeared
from the equations and it was not necessary to
estitmate any of the acrodynamic derivatives,

For solution of the yawing-moment equation,
estimated values of (',,1,:().()2 for model 1 and
(', =0.05 for model 2 were used.  These values
were estimated by use ol relerences 12 to 14
and the difference in value for the two models is
due to the difference in sidewash at the vertieal
tail caused by the volling wing.  The estimated
value for model 4 was (’,,/‘::,().](l.

0.95 where the rolling motion became

QUASI-STATIC METHOD

A quasi-static method outlined in reference 9

may be used to obtain the lateral-foree, yvawing-
moment, and rolling-moment coefficients. These
coefficients can be obtained from equations (2) to
(4) as functions of sideslip angle as follows (with
the terms involving ¢ ussumed to be negligible):

v

o I8! o

@)=y (15)

T Ie o iz, . rb . ph )
€ (8)— _ e gt

1 (6) (I’Sb P (['Nbl (¢ i ( i3 oy ( oy (16)

I/, Iy, rbh . b

( Tl s A T Ay S R . (17
n(ﬁ) (I’Sb7 (j,Sb[’ ( ny ::5)2" "7’21' (]‘)

The side foree us o funetion of sideslip €'y(3) can
be taken equal to the total measured side foree
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if the measured side force Is essentially 180° out
of phase with the sideslip angle.  This indicates
that

b 8b

('Ypiz"v_}— V)r.)‘ +0)ﬁ‘)‘

AERONAUTICS AND SPACE ADMINISTRATION

_C'np _Z%IgI} _(C . ) »
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B=+0)---"" o i
~ “Cng

(¢) Yawing-moment diagramn.

I‘\'zg]') ' y b P v Yo, b
Byl ﬁ‘ﬁ(( f= O ) oy

Fiavre 11,

Coneluded,

The rolling and yawing moments as functions of
sideslip €,(3) and (7,(8),
by the total measured moments (5 and # terms in
egs. (16) and (17)) corrected for the moments due
to rolling and rolling
angular acecleration p can he obtained from differ-
entiation of the roll rate and the s

respectively, are given

vawing  veloeities. The

awing angular
acceleration # can be obtained from the two trans-
The values of the deriva-
are those used in or ob-
and (',,,—(',/&,
(',I,, and » are obtained from the veetor solutions.

verse aceelerometers.
tives ., and (’,r—(,",;-j
tained from the vector solutions,

A bhody-axis system was used for the sake of
convenlence and all fhight mstrumentation was
alinee with the system.  The derivatives  ob-
tained may be converted to a stability-axis sys-
tem, out, in thiz particular case, differences would
be sneall sinee a s always near zero.

OTHER ANALYSIS PROCEDURES

Th» time-veetor solutions utilize the informa-
tion available in the oscillatory mode of lateral
Other modes of motion exist when a
fater: 1 disturbance is apphied.

moticn.
These are gen-
erally (wo aperiodic motions; a lightly damped or
spiral mode, and a more heavily damped rolling
Beenuse of the relatively
time avallable and the changing Mach number
for the type of model tests deseribed herein the

mode short testing

spiral mode of motion cannot be detected in the
flicht time histories. The well damped rolling
moticn can frequently be used to obtain a measure
ol €, however, An approximation  to  the
damyping ol this mode of motion ean be found by
assutiing a single degree of freedom roll with
all erodymumic except (7 .
Solving equation (3) for ('[I) under these assump-
tions

derivatives  zero

oY B
a2V T

7Ty Sh (18)
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The investigation in referenee 15 indieates that
generally the faetors ignored in obtaining cqua-
tion (18) will have =a effect, exeept
possibly  Ixz. A somewhat approxinti-
tion may therefore bhe obtained by including Iy,
and solving equations (3) and (4) for this case

negligible
closer

vields:
¥ o ?"'77(_\7’7 .)" 1 [\/ (
ComaSy sy gse Y
The vaw disturbers and pulse rockets used

the present tests were intended only as disturbers,
not as feasible controls.  Control surfaces may
of course be used to provide disturbanees, in which
ase control effectiveness may also be obtained.
An example of such a control surface investiga-
tion and control effectiveness con-
tained in reference 16.

analyvsis s

AEROELASTICITY EFFECTS

The flexibility of the wings and vertical-tail
surfaces of the swept-wing models deseribed herein
had an appreciable effeet upon the results. The
effects of wing flexibility on (7 and the merement
in (7 caused by geometric dihedral, and the
effeets of vertical tail flexibility on €y, (7,5, and
€, were estimated by the methods given in the
appendix.

ACCURACY

The estimated accuraey of the basic measure-
ments s indicated in table TIL for the high-wing
and low-wing nmdols al two Maech numbers. The
derivatives Oy O O and O — e Tune-
tions of some or all of the quantities.  The inere-
mental error in (0 for instance, due to the
error in Ty was taken as

ACLY, Al
( 3 4) Iy 0 ]x A
where the partial derivative ol €, with respeet to
I+ was obtained (rom a solution of the vector
The probable crror in €' due to all
table TI1 was taken to be

ANEICAM

results of this error analysis.

diagram.
the probable errors
(—\‘(’ ,.mmh[, —‘[
Table 1V gives the
The increments due to errors in cach of the basie
measured  guantities are given to illustrate the
relative importance ol accurney of weh neasure-
ment. The results for model 2 should apply
approximately to model 3, and the probable

FROM FREE-FLIGHT MODEL TESTS 13

TABLY TI1-ESTIMATED ACCURACY OF
VARIOUN MEASURED QUANTITIER

[All inerements may be p()sili\'(- or negative)

| Accuraey at—
Quantity Moddel e
l M=13 | M=0.7
i T - ’ - - N 1‘7 .
M, pereent I and 2 1.0 . 3.0
q’, percent 1 and 2 ;20 6.0
tije, Ree [ and 2 03 .10
D, see 1 and 2 005 . 010
P e I 10 3
B |2 1 oo
1 3 i 3
Q,, deg J
» (08 |2 6 0
W, pereent 1 and 2 5 ‘ .5
k22, percent 1 and 2 1.5 | 1.5
kx?, pereent 1and 2 3.3 ‘ 3. 5
e, deg I and 2 b i 5
a, deg I and 2 b ; 5
8, deg I and 2 5 1 5
“ !
é' percent 1and 2 2.0 2.0

= [ S

pmu\nt of tlw (l(ll\dll\(\ for nmd([ 1
apply :1[)1)1‘0xun.1tvl) to model 4. The probable
errors in table TV are given in terms of both
absolute magnitude and as pereentages ol the
derivatives.  The percentage cerrors have little
meaning in some cases, such as for (’,’j of model 2
for example, where the absolute error is small but

errors

the [)tl((‘lll‘l“(‘ error Is large because (13 Is near
zero.  Also given are the inerements eansed by
cortain amounts ol uncertainty in the aerodynamic
derivatives that had to be estimated to permit
determination ol the other derivatives,

From table TV it is evident that the statie =ide-
slip derivatives are, in general, more accurately
determined than are the rotary derivatives. When
the effeet of dynamic-pressure inaceuracies (which
have an appreciable effect on all derivatives at Tow
speeds) s excluded, the values of ¢ Ly AT affected
in /7; the values of
innccuracies in ty.; the

greatly by inaceuravies

‘' (n;- by values ol
{

"y

1
) .
/ ; and the values of

(,—C " by inaceuracies in 2,0 When the rolling
veloe 11) i large, additional large effeets on €7
and (',,rf( ng ATC cauged by inaccuracies e und
o, and (',p and (',:i are also affected greatly by
inacceuracies in £, An understanding ol the rea-
sons Tor all these effects ean be obtained by a study
of the v

(',d, by innceuracies in

octor diagrams in figure 11,
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MODEL TESTS

FROM FREE-FLIGHT

DETERMINATION OF LATERAL STABILITY
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The effect of uncertainties in the estimated
value of (', is fairly large for the yaw damping
(".,— . Tor model T and fairly small for model
2, even though the estimated value is larger for
model 2. This effeet, of course, 1s due to the great
difference in the amplitude of the rolling motion
between the two models.  Errors in the values of
(', and €, — (' used in the analysis have ap-
preeiable effeets on each other. However, because
of the method of obtaining these derivatives for
the present series of tests, as explained in the
soection entitled “Time-Veetor Solutions for Oscil-
latory Motions,” these quantities should be sub-
jeet to less uneertainty than are the values of €.

RESULTS AND DISCUSSION

Data from the swept-wing models (models 1,
2. and 3) are used to Hlustrate the use of the time-
vector method  of solution of the oscillatory
motion, and data for the unswept-wing model
(nmodel 4) from reference 9 are used to illustrate
the uselulness of the quasi-statie procedure.

TIME-VECTOR ANALYSIS

Time histories. Portions of the model
time  histories for the swept-wing models are
The most obvious
differences between the motions for the three
models are the greatly reduced oseillatory rolling
veloeities for models 2 and 3 compared with those
of model 1. At speeds below about A=0.9,
model 3 exhibited no discernible periodie rolling
motion.  Also evident is the lower frequeney of
the motion for model 1 compared with that of
models 2 and 3.

The effects of these motion characteristics on
the analysis of the data herein are illustrated in
the veetor dingrams in figure 11, The larger size
of the side-force and yawing-moment diagrams for
model 2 than for model 1 is a direet vesult of the
higher frequeney for model 2. The larger size
of the rolling-moment diagram for model 1 is
cuused by its higher ratio of rolling to sideslipping
motion. The side-foree  diagram  shows  that
B and —r are very nearly equal in magnitude and
differ in phase angle by only a lew degrees; these
conditions justifv the use of B= —r in the rolling-
moment and vawing-moment equations.

Small variations, mostly of a random character,
occurred in the angle-of-attuck and normal-foree-
coeflicient time histories; these variations raise
the question of inertia coupling between longi-

presented in figures 8 to 10,

tudinal and lateral motions.  Although the effeets
of the lateral motion on the longitudinal motion
were lnportant in producing or modifying the
longitudinal motion shown in figures 8 to 10, the
factor ol significance for the data presented
herein s the secondary effect of this longitudinal
motion on the lateral motion. Caleulations
indicat~d that these latter effeets were within
the accuruey of the measurements for the data
presented herein.

Trim characteristics.—The trim values or mean
values Hf the measured quantities with oscillutory
components removed are shown in figure 12.
These siean values are a measure of the asymmetry
of the models or the measuring instruments.
In particular, the positive value of €'y, for model
1 is believed to represent a constant-acceleration
error (or zero shift) in the transverse aceelerometer
at the center of gravity., This supposition is
suppor-ed by the mean values not equal to zero
which occurred in the values of # for this model,
as caleulated from  the difference in readings

between  the accelerometers at  the eenter of

JOp =g =e e e -
i 1

Estimated a-..

depe =

=20

[

—

)’, radians
!
\

(a)

pb
2V

Qo g 8 10 2 4 6

M
(a) Model 1. High-wing model.

Fiaure 12, - Model trim characteristies,
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(b)) Model 2. Low-wing model,
Fiavre 12, Continued.

gravity and in the nose.  Both of these discrep-
ancies are of a magnitude and direction to be
explained by the acceleration error.

Al models remained near zero lift. The mean
values of rolling velocity are given in terms of
the helix angle p6/21", which was less than 0.01
for all models. The estimated value of « for
model 1 shows the values used in the solution
of the equations and was obtained by dividing
the measured value of 'y, by an estimated value
of 'y, since a was not measured on this model.

Oscillation characteristics.—The measured pe-
riods of oscillation are shown in figure 13. The
most obvious feature is the larger periods for the
high-wing model.  The damping characteristies
are shown in figure 14.  Little difference in mag-
nitude existed between the damping times for
the three models.

The amplitude ratios of rolling velocity to side-
slip angle are shown in figure 15. The ratio for the
high-wing model is 5 to 10 times as high as [or the
other two models.  For both high-wing models,
the rolling-velocity amplitude ratio increases con-

'O o oo "77’[;;:_
o ° } -
_]O —_—t - - - - - - B -
B .
o 0
1 o
<2 L~ ]
Q a
;-2‘0 [ — J., - D O —
02—t
&
) i !
[0}
@ T ]
< |
2 ;
'g 0
~>
Q>
QIN (c)
~O 8 1.0 2 1.4 6
M
(¢) Model 3. High-wing model, ' —10°,
Frovre 12, Concluded.
6 } T‘
o) o Mo?el 1
o —
,"'-
a & o
o 4 < q
] BGy o |
ol co
u>|5> o 5 d o}
2 ¥ A 43
Q - o
| |
0.6 .8 1.0 1.2 1.4 16

Freuvre 13, Periods of oscillations,

siderably as the Mach number inereases, wherens
for the low-wing model it is more nearly constant.
The —10° dihedral in the high-wing model eaused
approximately the same decrease in rolling veloeity
as moving the wing to the low position.

The phase angle by which the rolling velocity
leads the sideslip angle is shown in figure 16.
Below A =0.90, no values could be determined
for model 3 beeause ol the lack of any measurable
oscillatory rolling velocity.  Model 2 exhibits con-
siderably larger variations of phase angle with
Mach number than does model 1. At least part
of this variation can be attributed to a lesser
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Frerre 14, Time to damp to one-half amplitude. Un-
flagged values from 3 against t. Flagged values from
'y against ¢
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Trsvre 15, Roll-veloeity amplitude.

degree of experimental accuracy in determining
the phase angles for model 2 beeause of the smaller
amplitudes of rolling motion. This is indicated in
table ITI by the smaller aceuracy listed for model
2.

Plots of 'y against g are shown in figure 17,
and the slopes of these curves yielded the deriva-
tive 'y Since the phase angle between Cy

60— " || -
401 - - ““"T'-
o
160 - 120 F-— N R - =1
e e B
! !
[a] : !
140 - -
3 0o d
© o]
Q o]
& o o
120
a
100 160
g |
140 - Q“"D“’ . T |
o0 ©
. I B - b Q -
120
.6 .8 1.0 1.2 1.4
M

Fraur @ 16.-- Phase angle between rolling velocity and

sideslip angle.

and g vas 180° for all models within the accuracy
to whi*h this quantity could be measured, the

. . Oy . .
amplitvde ratio F’ required for the vector

solution is equal to —'y;. Within the random
scatter of the data the curves appear to be linear.
The slopes faired through the data in figure 17
are those used in the data analysis.

The lerivative (,,yﬂ as a function of Mach num-
ber is presented in figure 18. The high-wing
model, as would be expected, has lower values
ol ('y, than does either of the other models. In
the trensonic region the low-wing model has a
value of Cy, 25 to 50 pereent greater than the
high-w ng model.  The values of €'y, for the high-
wing nodel with negative dihedral fall between
those for the other two models, these values being
generally closer to those for the low-wing model.
At Mach numbers below 0.9 the slopes (",»6 for
model 3 exhibit some rather large and irregular
variations with Mach number for some unknown
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Fraure 17. ~Lateral-foree eoeflicients.

reason. Vertical-tail flexibility had a relatively
small effect on (J,—B.

The preceding plots (figs. 12 to 18) present the
basic information which, with the mass and inertia
characteristics given in tables I and 11, constitute

the data necessary o construct the vector dia-
grams.  Quantities from the plots of period,
amplitude ratio, and phase angle were not faired
before using them to construct the vector diagrams
since cach point in effeet constitutes a fauired value
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Fraure 17.—Continu o,

to the extent that periods, amplitude ratios, and
phase angles are for a number of half-cveles of the
oscillations. A faired value was used for t,
i the data reduction beeause of the difficulty in
obtaining an accurate value of this quantity.

Figure 19 shows a comparison of the amplitude
ratio of yawing acceleration to sideslip angle for
two madels as measured from the transverse aceel-
erome ers by the relation given by equation (1),
and as determined from the vector-diagram solu-
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tions. The agreement shown is considered to be

very good and [urnishes a check on the accuracy
ol the solutions. The comparison m figure 19
also 1s a further indication of the small magnitude
of coupling effects beeause the difference in reading
between two {ransverse nceelerometers separated
along the X-uxis will actually be proportional to
the sum (7F+pg). No phase angle comparison
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is shown because an examination of the time
histories indicated that the angle €; would have
greater inacceuracies than €, (table 111) and thus
would not Murnish any useful mlormation.

Lateral stability derivatives. The sideslip de-
rivatives are presented for 8 in degrees to facilitate
comparisons with wind-tunnel test results. In
the equations of motion these derivatives must be
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used with g in radians. The static stability
derivative oy 1s presented as a funetion of Mach
number in figure 20.  In agreement with the high
value of sidewash expected for a high-wing con-
figuration (ref. 17), the static stability derivative
of the high-wing model is consistently lower than
that for either of the other two models. An
approximately constant difference exists between
the high- and low-wing models. The static sta-
bility derivative of model 3 is somewhat lower
than that for the Tow-wing configuration at all
Mach numbers.  The effect of vertical-tail flexi-
bility is greater for the low-wing model than for
the high-wing model beeause at a given sideslip
angle the vertical-tail load is greater for the low-
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Fravre 20, Static directional stability  derivative,

wing model as a result of the smaller sidewash.

The varintion of the effective dihedral derivative
(", with Mach number is presented in figure 21.
The high-wing model had a large negative value
of ",y which rose to a peak at M=1.0 and de-
creased In magnitude at supersonic speeds.  The
values of ¢/, for the low-wing model were approxi-
mately one-fourth as large as those for the high-
wing model. The vartation of the derivative
with Llach number for the model with negative
dihedial was such that the values of €', were lower
than hat for the low-wing model at subsonie
speeds but inereased greatly at Maeh numbers
above 1.0 and became greater than that for the
low-w ng model at the highest speeds attained in
the tests.

An cxact estimate of the effeets of flexibility on
',y weuld be very involved sinee both wing and
verties] tail contribute to ("1, and the wing load
distril ution and resulting sidewash changes as
affected by wing position are unknown. The
neren ent in (', contributed by the vertieal tail is

-.C03 - 1T 7
/0\ ) | VModeI
N - |
[e —b O
~002 g - -
o0+
2 Experimental o T
o ol ———= Estimated rigid B
@ o
) e | 2 _ |
}Dadcm-cr—o—n/ 3 SN OLS
o C-~ OO0~ . —O SF
.00l B
.6 .8 1.0 1.2 .4 1.6
M

Fievre 21, Effective dihedral derivative.
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reduced by vertical-tail flexibility but this redue-
tion is small (about 9 percent at the highest Mach
number) and is nearly the same for all three
models.  The inerement in €, caused by moving
the wing 1o the top or bottom of the fuselage is
essentially a wing-root effect and the influence
coeflicients in figure 6 indicate very little wing
twist due to loads concentrated near the inboard
end.  Therelore, to a first approximation, the
values of €7 for the high- and low-wing models
should be relatively unaffected by wing and tail
flexibility.  The inerement in € caused by the
geometrie dihedral is shown by reference 18 and
data presented subsequently herein to be approxi-
mately proportional to (', although, of course,
the load distributions are not identical. There-
fore, as a gross approximation, the inerements in
(1, due to geometrie dihedral were corrected by
the same factor ealeulated for (',p and the results
are shown in figure 21.

As diseussed in the section entitled “Tine-
Veetor Solutions for Oscillatory Motions,” the
damping-in-roll derivative €', was determined for
model 1 only and it was assumed that ¢ for
models 2 and 3 was the same. Accordingly, the
variation of ('1” with Mach number for the three
models is shown in figure 22, The effect of wing
flexibility on €', was very large, the estimated in-
erement due to elasticity being about 50 percent
ol the measured value at M=1.3. The data for
', are almost entirely a wing-fuselage effect sinee,
as mentioned previously, the tail surfaces contrib-
wte less than 5 percent of the damping in roll
when the effeet of the rolling wake on the tail is
accounted for.

Presented in figure 23 is the variation of the
damping-in-yaw derivative ', —¢'. with Mach
number.  As might be accounted for by the high
rate of change of sidewash, the damping-in-vaw
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derivative for the high-wing model is generally
higher than the damping for either of the other
two models, although the differences approach the
order of accuracy (table IV).  Both models 2 and
3 show irregular variations in the supersonie
Flexibility of the vertical tail caused an
estimated loss in vaw damping of about 9 percent
at the highest Mach number. Sinee this value
is less than the ealeulated probable accuracy of
the derivatives, it 1 not shown in figure 23,

region.

The variation of the eross derivative ¢, — (7.
with Mach number is shown in figure 24, The
solution for the model with negative diliedral at
subsonie speed 15 relatively independent of the
assumption for ' since the excitation of the roll
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approached zero below M—1.0. Above M=:1.0,
the ¢, — ¢, for this model rises rapidly.  For the
low-wing model,  the derivative has an
corratic vartation through the transonie region
with a shghtly negative value in the region around
M=0.85. Because of the relatively large possible
inaceuracies i this derivative (table IV) and the
acrodynamic mterference  effects, no
made to estimate the effeets of

Cross

unknown
attempt  was
flexibility.
Comparison with other data.- -Figures 25 and 26
contain summary plots comparing the data de-
seribed herein with various wind-tunnel, rocket-
propelled-model, and theoretical results on similar

configurations.  The rocket-propelled-model data
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AERONAU'ICS

AND SPACE ADMINISTRATION

ol reference 19 are for wing and tail with the same
geomerrie characteristies as those of the models of
the prosent tests except for a midwing position.
The fuselage shape was somewhat different. The
wind-tunnel data at Maeh numbers of 2.01 (ref.
20) and 1.41 (from tests in the Langley 4- by 4-foot
supersonic pressure tunnel) were for the same wing
as the present tests but o different empennage
arrangement. (Sce fig. 25.) The wind-tunnel
duta at M=0.17 (ref. 17) and =0.80 to 0.92
(ref. 21) were for configurations with somewhat
different wing and tail geometry.  All these wind-
tunnel data have been corrected for the differences
in tail geometry for comparison with the present
tests, by estimating the effeets of tail geometry
but no - sidewash changes.

The curves shown in figures 25 and 26 for the
present tests are those labeled “estimated rigid” in
previous figures since the wind-tunnel data are for
essentially rigid models.  In addition, the values
of €', for the present tests have been adjusted to
a center-of-gravity position at 0.20¢ to furnish a
more valid comparison with data in reference 19
(center of gravity at 0.19¢) and references 17 and
20 (center of gravity at 0.25¢).

Results for the midwing rocket-propelled model
of reference 19 agree very well with the sideslip
derivatives of the present test (fig. 25) except for
', at W—1.3 where the values from reference 19
are son ewhat higher than would be expected for a
midwing configuration from the present
The increment in Cyand €
in wing position, at an angle of attack of 0°, arve
caused oy the vertical tail being in different regions
of the sidewash field for the different wing posi-
These increments for the present test are

Lests,

caused by changes

tions,
about t 1e same as those obtained from the subsonic
wind-tvunel data of reference 17 where & vertieal
tail with smaller aspeet ratio (Jower effective
height) was used and are somewhat larger than
the ineements from reference 21 where a vertieal
tail with larger aspeet ratio (higher effective
height) was used.  The supersonic wind-tunnel
dita at M 141 and M- 2.01 for a vertical-tail
arrangement having part of its area below the
luselage, show mueh smaller inerements resulting
rom changes in wing height. I could be expected
that a vertical tail of small height or one with a
portion of its area below the fuselage would result
in smaller changes in (4, and O, due to wing
position since the tail would be effectively nearer
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the center of the sidewash field and would experi-
ence smaller changes in sidewash. A vertical tail
having its area symmetrically distributed above
and below the longitudinal body axis would pro-
duce no change in (’yﬁ and C,, at an angle of
attack of 0° as the wing is moved from the bottom
to the top of the fuselage.

The inerements in 'y caused by changes in
wing position (fig. 25) are primarily an effeet of
the wing and, sccondarily, an cffect of the tail.
These inerements are reasonably constant through-
out the Mach number range illustrated, some
inerease occeurring at transonie speeds. The com-
parison between the various sets of data for €y
is very good. No theoretical values are shown in
figure 25 because no theoretical values of sidewash
resulting from  the load distributions due to
changes in wing position are availuble.

A summary of the effects of geometrie dihedral
on (' is shown in figure 26. The approximate
method of reference 18 when used with the exper-
imental (flexible) values of €7, from the present
test showed remarkable agreement with the exper-
imental values. This fact formed the basis for
the method of correcting the ("u value of model 3
for flexibility as described previously.  The sub-
soni¢ theory of reference 22 and the supersonic
wind-tunnel data of reference 23 show values of
Cy

5 siniilar to those obtained in the present fests.

The values of (’,p from the present test corrected
to rigid-wing values are somewhat higher at sub-
sonic speeds than the theoretical values (ref. 22)
and are higher than the theory of reference 24 at
A=1.0. The eurve of (7, for the present test
(uncorrected for flexibility), when extrapolated,
indicates good agreement with the data for €' in
reference 20 whieh were for the same wing and
tail arrangement.

Little information derivative
(', — (. for comparison with the present results,

exists on  the

Caleulated values from reference 13 at low sub-
sonic speeds were about 0.04 which is at least the
correct order of magnitude.  (See fig. 24.)
Flying qualities—The motion characteristios
presented previously for the three models may be
interpreted in terms of flying qualities for a full-
scale airplane.  The nondimensional characteristies
of the motion—-that is, amplitude ratios such as

¢

, phase angles, and nuniber of eyeles required fo

damp to a given fraction of the original amphitude
-—may be considered as applying directly to a
full-scale airplane having the same relative density
and the same nondimensional radit of gyration.

The relative density factor g, for the model tests
varied from about 115 at a Mach number of 0. 7 to
about 87 at a Mach number of 1.3, The full-scale
airplane altitudes and wing loadings represented
by these values, the models flown being assumed
to be 1/10-scale models, are shown in figure 27,
The values simulated by the models are reasonable
for current airplanes.

Sugeested  requirements  for damping of the
lateral oscillations for aitrplanes are given in
reference 25, These requirements are illustrated
in figure 28, Points for all three models discussed
hereit are shown on the chart for two Mach
numbers. It iz apparent that the damping
s unsatisfactory for all three configurations for
normal-flight conditions, according to the proposed
boundaries of reference 25.

A comparison was made of the nondimensional
radii of gvration of the three models with average
values for three current swept-wing fighter air-
planes.  The comparison showed that the radil of
eyration in roll were the same but that the radii of
evration in vaw of the models were about 15 per-
cent larger than those for the full-seale airplanes.
Also, as stated previously, the centers of gravity
of the models were placed near the leading edge
of the mean acrodynamic chords to minimize
piteh-vaw coupling. A normal center-of-gravity
position for this type of airplane would probably
be near 30 pereent of the mean acrodynamie chord.
The effects on the motion of reducing the radius
ol gyration in yvaw by 15 pereent and the effects
of this reduction combined with a 30-pereent reat-
ward movement of the center of gravity were

50%1Q3

3oL

Ficure 27,

Airplane  flight  condition=
models with 1001 seale factor and same relative denxity
assimed,

simulated by
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investigated for the high-wing model at a Mach
number of 1.3, This point was chosen sinee it rep-
resents the lowest statie stability measured during
#he present tests and thus would be expeeted to
produce the largest effects.  The stability de-
rivative O, and the damping derivative (‘,,r—(',,$
were transferred to the altered center-of-gravity
position.  Sinee the transfer equations for €7, and
(',,l9 are different, this procedure cannot be done
rigorously sinee only the quantity ), —(',  is
known. Wind-tunnel tests and estimated results,
however, indicate that €, should be small com-
pared with (%, at low lift and that €, is nearly
all caused by the vertieal tail. Therefore, the
dumping derivative (’,,r—(,',,8 was reduced by the
square of the ratio of vertical-tail distances from
the two center-of-gravity  positions.  Solutions
for these altered conditions were made with the
acrodyvnamic derivatives as known quantities to
obtain the motion characteristies. The results are
shown in figure 28, Reduemg the radius of gyra-
tion eaused the motion to move closer to the
satisfactory region.  When this condition was
combined with a rearward center-of-gravity move-
ment, the motion beeame definitely unsatisfactory.,

This Jaiter result is contrary to what might he
expecte 1 if a simple yawing osecillation is consid-
ered. The caleulations showed that it was caused
by the [ roduct-of-inertia effect assuming relatively
greater importance when the aerodynamic de-
rivatives (’,,u and (’,,;—(",,B were reduced by the
rearwarl center-of-gravity movement.
An additional desirable quality for the lateral
1

oscillatory motion is that the ratio shoulil

18
not exceed about 4 (ref. 26) to preclude excessive
rolling motions resulting from small corrections
in heading or from flight through rough air.

Do
Figure 29 shows the values of Zl for the three

. . . .
models. For the high-wing model, the ratio ﬁ;

remains above 5 for all Mach numbers.  For the

¢ .
other two models, 3 remains below 2 over the
M

AMach number range investigated.

QUASI-S

TIC ANALYSIS

method  of solution  illustrated
previowdy is a linear solution subject to the
usual rostrictions of such solutions.  The acro-
dynami: derivatives obtained from the veetor
solution are average or effective values over the
amplitu le range covered by the solutions. Some
insight into the linearity of the static stability
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dertvatives can be  obtained from
static analysis.

The variation of lateral-foree coefficient, yaw-
ing-moment coefficient, and rolling-moment co-
efficient with angle of sideslip and Mach number
are shown in figure 30 for the unswept-wing
model.  These coeflicients were obtained as fune-
tions of 8 as indicated in the analysis,

The straight lines through the data points for
'y, C,, and €, are drawn with the slope used
in or obtained from vector diagrams.  Wind-
tunnel data from reference 27 for a Mach number
of 0.9 are also shown, The wind-tunnel data
indicate a marked reduction in slope at small
angles of sideslip, but the slope at moderate
sideslip is about the same as that of the present
test. The linear variation from the vector solution
1= in general a good representation of the rocket-
propelled-model data; however, a close examina-
tion indicates some small nonlinear tendeney
similar to that of the wind-tunnel results. The
fuct that the rocket-propelled-model data indicate
a more nearly linear variation of force and moment
coeflicients with angle of sideslip at a Mach
number of 0.9 than do the data of reference 27
ix most likely due to a Reynolds number effect
on the sharp-nose airfoil section.  The Reynolds
numbers of the wind-tunnel and rocket-propelled-
model tests were 2.3 3 10% and 7.4 > 10%, re-
spectively.

the quasi-

EVALUATION OF TEST TECHNIQUE

Time-vector solution.—Analysis of the data for
the configurations of the present investigation
provided some comparative basis for evaluating
the test technique. The most obvious conclusion
is that no general statements applicable to all
cases ean be made and each case must be ex-
amined individually to determine the aerodynamic
derivatives that can be determined and their
resultant aceuraey.

One of the difficulties in the test technique
is that not all the rolling-moment and yawing-
moment  derivatives  usually  ineluded  in o the
ecquations of motion can be deternmined.  Some
approximations may be made to permit the
determination of the most important derivatives.
One approximation generally made is that g=—r
which reduces the number of unknown deriva-
tives by 2.

In many cases the cross dervatives (',,, and

(,',r—(,',d. have relatively small effects on the
motion and their magnitude may safely be
estimated to permit determination of the other
derivatives. For some cases where the effects of
C,, or C,—C, may be appreciable but not
necessarily larger than the effects of other deriva-
tives, it may be advantageous to use estimated
values of some of the other derivatives such as
Oy or ) because of the relatively greater amount
of information available from other sources on
these derivatives,

It is also fairly obvious that the rolling deriva-
tives P,p and (Y,ﬂ are best obtained from motions
involving a large ratio of rolling motion to yawing
motion and the yawing derivatives (', and (7,
——(',,I-i are best obtained from motions having a large
ratio of yawing motions to rolling motion, beeause
these condittons tend to minimize the effects of
the eross derivatives,  Conversely, the effects of
the cross derivatives can be inereased by reversing
these conditions.  Thus, intelligent planning of
the dynamie conditions of the tests can result in
emphasizing the derivatives of most interest.

Alterations in the ratio of rolling motion to
yawing motion may be accomplished by changing
the ratio of rolling moments of inertia to yawing
moments of inertia.  If two flights at two diflerent
inertia ratios but under otherwise identieal con-
ditions can be made, then the difficulty of having
too many derivatives to measure can be obviated,
because two different sets of motions would be
available.  Both sets of motions must be pro-
duced by the same derivatives, and thus a larger
number of derivatives may be determined.

As pointed out in the seetion entitled “Nethod of
Analysis,” other modes of motion, such as the
heavily damped roll subsidence may be used to
assist in analyzing the data. The damping of
this motion may be used to find €7, if this mode of
motion can be extracted from the measured time
histories.  This procedure has been used in other
rocket-propelled model tests to measure €7, - For
the present tests the time to damp to half ampli-
tude of this mode of motion was about 0.03
sccond at M=1.13 and 0.06 second at M=0.7
and examination of the time histories indicated
that this motion could not be extracted from the
results.  Greater excitation of this mode of motion
can be obtained by applying a rolling-moment
disturbance rather than a yawing-moment dis-
turbance as for the present tests,
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It would be possible {o eliminate the trans-
verse aceelerometer, to use a rate gvro to measure
, and to solve the side-force diagram to obtain
Cy,. The diagrams of figure 11(a) indicate that
for the dynamic conditions of these tests this
procedure would lead to large probable errors in
('y; because the phase difference between 8 and
r, which is principally dependent upon 'y, 1s of
the same order of magnitude as the possible phase-
angle errors of the rate gyro nstruments used
(table IIT).  Fairly large errors in (’,,r~(",,3
would also result from this procedure beeause
these derivatives are greatly dependent on the
phase angle between 7 and 8 (fig. 11(¢)).

Although the test technique used s a dynamic
technique, the analysis of these and other flight
test data indicated that the so-called statie side-
slip derivatives can usually be determined more
accurately  than ean  the rotary derivatives.
The rotary derivatives depend primarily on the
phase relations between the various components
of motion, and a more accurate determination
of the rotary derivatives would require greater
accuracy in the measurement of the phase angles
atdd of those quantities which effectively cause
phase shifts in the motion, such as angle of
attack, inclination of the principal axis, and the
damping of the motion.  The requirement for
accuracy of measurement of the phase angles
also requires that the frequency-response char-
acteristics of each instrument be known, since
appreciable errors in phase angles due to imper-
fect instrument response may be present in the
data and must be corrected for.

For the data presented herein, an angular
veloeity instrument was used to measure the
phase angle @, as well as the rolling velocity,
whereas in reference 11 an angular accelerometer
instrument was used to measure the phase angle
between rolling acceleration and sideslip angle
as well as the magnitude of rolling acceleration.
The corrections that had to be applied to the
measured phase angles due to the frequency
responses of these two instruments amounted to
about 1° to 2° for the angular veloeity instrument
and about 16° for the angular accelerometer
mstrument at A/=1.10.  From a consideration of
aceuracy, use of an instrument requiring small
corrections appears desirable.  In fact, it appears
worthwhile  to  determine  experimentally  the

I

frequency-response characteristies of the instru-
ments in order to obtain an accurate correetion to
be applied to the measured phase angles.

In using the present equations of motion and
method of solution, the motion being analyzed
is assumed to be a linear three-degree-of-freedom
lateral motion, with the longitudinal motion
parameters (e, ¢, ete)) remaining constant.  Such
a condition seldom exists,  To permit application
of this method, it is important that any unwanted
pitching motion remain small.  Examination of
the data and caleulation of the frequency of the
longitudinal motion and the magnitudes of the
coupling terms for the models of the present in-
vestigation indicated that negligible longitudinal-
lateral coupling existed.  Cases have been en-
countered in which large pitch-yaw coupling was
present (e.g., ref. 28) and it was necessary to
include additional terms in the equations of
motion and use a least-squares form of solution.
For all the models of the present investigation the
lilt coeflicients and, consequently, the pitehing
velocities remained near zero.  Thus, rolling-
moment and vawing-moment terms proportional
to ¢ were negligible. For tests in which the value
of ¢ is appreciable these terms can be included in
the time-vector method of solution as long as ¢
remains reasonably constant during each oscilla-
tion. It can be seen from the equations and vector
diagrams that such terms would have the same
effect. on the motion as the acrodynamic terms
¢, Cy Coyand O

Quasi-static method.-—The quasi-static method
furnishes valuable information on the linearity
of the static stability data. Tt also furnishes a
check on the accuracy of the veetor solution for
the static moment derivatives.  The use of this
method does of course require the assumption of
linearity for those quantities which are obtained
from the vector solution and then used in equa-
tions (16) and (7)) to calculate ineremental
moments or correetions for the purpose of 1solating
the statie stability data; however, this is generally
not a serious limitation. The incremental moments
so calculated arise from very small air flow angu-
larity changes on the lifting surfaces as caused by
rotational veloeities and linearly aceelerated mo-
tion. For example, the largest rolling velocity
encountered on  the unswept-wing model  was
about 5 radians per second, which corresponds to
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a change in angle of attack at the wing tip of about
0.6°. It would not be expected that those acro-
dynamic phenomena causing nonlinearities with
angle of attack would be felt at such small angles.

In addition, the incremental moments due to
the rotational and linearly accelerated motion are
usually small compared to the moments due to
sideslip. This is particularly true for the vawing-
moment equation. It is less true for the rolling-
moment equation, in which the moment due to
roll damping may be of the same order of magni-
tude or even Jarger than that due to sideslip for
some cases.  Judgment must be used in such cases
to assess the value of the method.

CONCLUDING REMARKS

A method of testing and data analysis has been
presented for investigating the lateral stability
characteristies of airplane models in free flight.
The method was illustrated by test results pre-
sented for three swept-wing models differing only
in vertical position and dihedral of the wing and
one unswept-wing model, The time-vector method
of solution of the oscillatory motion proved to be
a_feasible and rapid method of data analysis for
:r‘otormining acrodynautie derivatives.  One limi-

AERONATUTICS AND SPACE ADMINISTRATION

tation >f the method is that it does not permit
determenation of all the desired aerodynamie
derivatives from one set of {light-test data. Either
additioal modes of motion or additional test
data fcr other flight conditions may be used to
assist in determining some of the aerodynamic
derivatives, or those derivatives having a minor
effect ¢n the motion may be estimated to permit
a solution for the remaining derivatives.

The test and analysis procedure used herein
was adequate for establishing the magnitude of
the cffeets of wing position and dihedral for the
swept-wing configuration investigated. The meas-
ured a-rodvnamic effects of wing position and
dihedrzl correlated well with available experi-
mental and theoretical data and were of similar
magnitinde at transonic speeds to wind-tunmnel
data at subsonic speeds. The quasi-static method
of analysis permitted a determination of the effects
of Reynolds number on the linearity of the static
stability  derivatives for an unswept-wing con-
figuration by comparison with wind-tunnel data.

Lancie " Researcn (CENTER,
NATHONAL AERONAUTIOR AND SPACE ADMINISTRATION,
Lascuey Fiewp, Va., May 4, 1956,



APPENDIX

EFFECTS OF FLEXIBILITY OF VERTICAL TAIL AND WING

VERTICAL TAIL

The effect of vertical-tail flexibility on the ver-
tical-tail lift-curve slope was caleulated by the
method given in reference 10, For this caleulation
the influence coeflicients in figure 6 and the span-
load distributions of reference 29 were used.  The
loss in vertical-tail lift-curve slope due to flexibility
was 9 pereent at a Mach number of 1.3 and 1 per-
cent at a Mach number of 0.7, Estimated values
for the derivatives Cyy and O, for the rigid tail
were then obtained from
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The values of Cy; and C,y for the wing-fuselage
combination were estimated from wind-tunnel
tests.
WING

The effect of wing flexibility on (’;p was caleu-
lated by the method of reference 10 with some
modifications to obtain rolling-moment cffects
rather than Lift effects.  The influence cocflicients
used are shown in figure 6 and the span-load
distribution was obtained from reference 220

The equations herein represent the right wing
of the airplane with a positive load 1. producing
negative rolling moment. The wing and span-
load distribution are divided into a number of
sections as in reference 10, The equation for
, for the elastic wing 1s

_ 2my gt )

. e 4 )
! (1, A\'[) ;i)‘)v

‘i (AD)

The rolling moment produced by section 1 of the

clastic wing can be approximated by

. pbAa Lo b L
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where
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Ki=8 35—
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and

I'(p) span-load parameter for rolling wing

Aa, change in section angle of attack caused by
wing elasticity

m value of 5 at centroid of load distribution over
section 1

no  value of 5 at root of exposed wing

m;  value of 5 at inboard end of section 1

m. value of 4 at outboard end of section 1

From equation (A2)

T N
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or since
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TFrom the influence coeflicients the change in angle
of attack at section 1 may be obtained as
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where <7> is the twist at station 1 due to a unit
A7 g

(A6)

33
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load at station j.  Equating (A5) and (A6) and

rearranging vields

L, 0" 1
phi21” (/ >,1+[\—I(', (/']

+/;b oy L> To=m

Similar equations are written for each section and

(A7)

the resulting set of equations is solved simultane-
) L,

ph/2V b2y
for various values of (’1,”([’
Then from equations (A1) and (A4) and

ously for the values of - and so forth,

covering the test

range.
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L L,

b2V b2

of elastic (Ium])mg in roll to rigid damping in roll
s given by I ;
Ly o

€. (pb/"l' M +pb/"\ ma ) \x

(. O

per fpor

the values nt 17 and so forth, the ratio

In addition to its use in correcting (') for wing
flexibility, cquation (A8) was used to give a first
approxination to the effects of wing flexibility on
the iner-ment of ("5 caused by geometrie dihedral,
as explained in the seetion entitled “Lateral sta-
bility derivatives.”

REFERENCES

. Ankenbrick, Herman O, and Wolowicz, Chester H.:
Lateral Motions Encountered With the Douglas
D-558-11 All-Rocket Research  Airplane During
Exploratory Flights to & Mach Number of 2.0,
NACA RM 154127, 1954,

2, Weil, Josepl, Gates, Ordway B., Jr., Banner, Richard
D.. and Kull, Albert E.: Flight Ixperience of
Inertia Coupling in Rolling Maneuvers, NACA
RM H35E17h, 1955,

3. Gates, Ordway B, Jr.,, Weil, Joseph, and Woodling,
C. IL.: Effect of Automatic Stabilization on the
Sideslip  and  Angle-of-Attack  Disturbances  in
Rolling Mancuvers. NACA RM L55E25b, 1955,

4. Campbell, John P, and Woodling, Carroll H.: Calcu-
lnted Effects of the Lateral Acceleration Derivatives
on the Dynamie Lateral Stability of a Deltu-Wing
Airplane. NACA RM L34K26, 1955.

5. Campbell, John P, and MeKinney, Marion O, Jr.:
A Study of the Problem of Designing Airplanes
With Satisfactory Inherent Damping of the Duteh
Roll Oseillation.  NACA Rep. 1199, 1954,
sedes NACA TN 3035)

6. Beam, Benjamin H.: A Wind-Tunnel Test. Teehnigue
for Measuring the Dynamic Rotary Stability De-
rivatives  at Subsoniec and  Supersonic  Npeeds.
NACA Rep. 1238, 1956, (Supersedes NACA TN
33470

Larrabee, k. F.:

(Super-

Applieation of the Time Vector
Method to the Analysix of Flight Test Lateral
Oscillation Data. FRM No. 189, Cornell Aero.
Lab., Ine., Sept. 9, 1953.

No Parks, James Ho: Experimental Evidence of Sus-
tained Coupled Longitudinal and Lateral Oscillu-
tions From a Rocket-Propelled Model of a 35°
Swept Wing Airplane Clonfiguration.  NACA RM
L531D1A, 1954,

Y. Mitcehell, Jesse L., and Peck, Robert F.: Investigation
of the Lateral Stability Characteristies of the
Douglas X-3 Configuration at Mach Numbers
From 0.6 to 1.1 by Means of 1 Rocket-Propelled
Maodel,  NACA RM L5420, 1455.

10. Gillis, Clarenee L., and Mitchell, Jesse Lo Determi-
nation of Longitudinal Stability and Control Char-
acteristies From Free-Flight  Model Tests With
Results at Transonic Speeds for Three Airplane
Configurations. NACA Rep. 1337, 1957.

11. D’Aiatolo, Charles T., and Henning, Allen  B.:
La eral  Stability  Characteristies at  Low  Lift
Be ween Mach Numbers of 0.85 and 1.15 of a
Ro-ket-Propelled Model of a Supersonie Airplane
Coafignration Having a Tapered Wing With Cir-
cul-Are Sections and  40° Sweepback, NACA
RM L35A31, 1955.

12. Michuel, \\1llmm H., Jr.: Analyvsis of the Effects of
Wing [llt('lf(‘l(‘ll((‘ on the Tail Contributions to the
Roiling  Derivatives.  NACA  Rep. 1086, 1952,
(St persedes NACA TN 2332

13. Campbell, John P, and MeKinney, Muarion O,
Suramary  of Methods for Calealating Dynamie
Laeral Stability and Response and for Estimating
La eral Stability Derivatives, NACA Rep. 10YS8,
1972, (Supersedes NACA TN 2404

14, Marg)lix, Kennceth: Theoretical Calculations of the
Laeral Foree and Yawing Moment Due to Rolling
at supersonie Speeds for Sweptback Tapered Wings
Wi h Streamwise Tips  Subsonic Leading Fdges.
NACA TN 2122, 1950,

15. Gater, Ordway B., Jr., and Woodling, (. 1. A Method
for lstimating Variations in the Roots of the
La eral-Stability Quartic Due to Changes in Mass
anc Acrodynamie Parameters of an Airplane, NACA
TN 3134, 1954,

16. Mitet ell, Jesse L., and Vitale, A, James: Free-Flight
Investigation of the Control Effeetiveness of
Dif'erentially Defleeted Horizontal Tail at Mach
Nuubers From 0.8 to 1.6, NACA RAM 156820,
1976.

17. Good nan, Alex: Effeets of Wing Position and Hori-
zor tal-Tail Position on the Statie Stability Charae-
teristies of Models With Unswept and 45° Swept-
back Surfaces With Some Reference to Mutual
Interference. NACA TN 2304, 1951,



1N,

(K18

20,

(2
[

DETERMINATION OF

Purser, Paul .0 An Approximation to the Lffect of
Geometrie Dihedral on the Rolling Moment Due
to Sideslip for Wingx at Transonic and Supersonic
Speeds.  NACA RM L52B0o1, 1052,

D’ Alutolo, Charles T., and Henning, Allen B.: Lateral
Stability Characteristies Between Mach Numbers
of 0.80 and 1.57 and Simulation of Coupled Motion
at Mach Number 1.30 of a Rocket-Propetled Model
of an Airple Configuration Having Thin Highly
Tapered 45° Sweptback Surfacex, NACA RM
L36ATT, 1956,

Spearman, M. Leroy, Driver, Cornelius, and Hughes,
William C.: Investigation of Aerodynamic Charac-
teristies in Piteh and Sideslip of a 45° Sweptback-
Wing Airplane Model With Various Vertieal Loca-
tions of Wing and Horizontal Tail -Basic-Data
Presentation, M— 2,01, NACA RN L5106, 1955.

King, Thomas J., Jr.: Wind-Tunnel Tnvestigation at
High Subscnic Speeds of Some Effeets of Fuselage
Cross-Section Shape and Wing Height on the Static
Longitudinal and Lateral Stability Characteristies
of a Model Having 2 45° Swept Wing, NACA RM
1.55J25, 1956.

DeYoung, John: Theoretieal  Antisvmmetrie
Loading for Wings of Arbitrary Plan
Subsonie Speed=. NACA Rep. 1056, 1951,
sedes NACA TN 2140.)

Spuan
Form at
(Super-

. Spearman, M. Leroyv: Investigation of the Aerody-

namic Characteristies in Pitech and Sideslip of a
145° Sweptbhack-Wing Airplane Model With Various

LATERAL STABILITY

28.

29.

. Liddell;, Charles J., Jr., Creer, Brent Y.,

FROM FREE-FLIGHT MODEIL TESTS 35
Vertical Locations of the Wing and Horizontal
Tuil --Effect of Wing Loeation and  Geometrie
Dihedral for the Wing-Body Combination, M= 2.01.

NACA RM L535BIS, 1955.

. Muangler, K. Wi Caleulation of the Pressure Distribu-

tion Over a Wing at Sonie Speeds. R. & M. No.
2888, British A R.C., 1955,

and Van
Dyke, Rudolph D, Jr.: A Flight Study of Require-
ments for Satisfactory Lateral Oscillatory Charac-
teristies of Fighter Aireraft. NACA RN A/1EKIS,
1951,

i Willinms, Walter €. and Phillips, William H.: Some

Recent Researeh on the Handling Qualities of
Airplanes, NACA RM H550.294, 19586,

Olson, Robert N, and Chuabb, Robert 8.0 Wind-
Tunnel Texts of a Model of the N-3
Airplane at Subsonic and Supersonie Speeds, NACA
RM AB1F12, 1951,

Warren, Jr.: Supersonic  Aerodyvnamic

Characteristies of a Low-Drag Aireraft Configura-

tion Having an Arrow Wing of Aspeet Ratio 1.86

T1e-Seale

Gillespie,

and a Body of Fineness Ratio 20, NACA RN
L5TA25, 1957,

Queijo, M. J., and Riley, Donald R.: Caleulated
Subsonic Span  Loads and  Resulting  Stability

Derivatives of Unswept and 45° Sweptback Tail
Surfaces in Sideslip and in Steady Rolll NACA TN
3245, 1954.

U.S. GCOYERNMENT PRINTING OFFICE: 1960






